The generation of reactive oxygen species (ROS) has been implicated in the regulation of sperm capacitation and acrosome reaction; however, the mechanisms underlying this regulation remain unclear. 
INTRODUCTION
Mammalian sperm undergo the acrosome reaction before fertilization in order to penetrate the oocyte zona pellucida (ZP). This process will occur following binding to the ZP only if the spermatozoa have previously undergone a poorly-defined maturation process known as capacitation [1] . The binding of the capacitated spermatozoa to the oocyte ZP activates a low-voltage Ca 2ϩ channel [2] and a storeoperated Ca 2ϩ channel, which causes a sustained elevation of intracellular Ca 2ϩ , leading to the acrosome reaction [3] . The priming of spermatozoa to such calcium signals during capacitation involves many changes, including cholesterol efflux from the plasma membrane [4, 5] and increases in intracellular free Ca 2ϩ [6] [7] [8] , cAMP [9] [10] [11] pH [12] , protein tyrosine phosphorylation [13, 14] , and actin polymerization [15] . It has been suggested that reactive oxygen species (ROS) such as hydrogen peroxide and superoxide anion are involved in the regulation of human sperm capacitation and protein tyrosine phosphorylation [16] [17] [18] . We show that hydrogen peroxide is also involved in actin polymerization in bovine sperm [15] , and in elevation of intracellular Ca 2ϩ levels and fertilizing potential of mouse sperm [19] . Other lines of evidence have implicated cAMP and protein kinase A (PKA) as regulators of protein tyrosine phosphorylation [13, 14, 20] .
However, the relation between the production of ROS, the elevation of cAMP and the protein tyrosine phosphorylation is not clear. Some authors suggest that ROS generation must lie upstream from cAMP in the reaction cascade [11, 17, 21] , whereas others believe that ROS is located downstream from cAMP in the reaction sequence [22] . In the present study, the temporal sequence of signaling events was investigated. It is known that the soluble adenylyl cyclase (AC) present in sperm cells is activated by HCO 3 Ϫ [23, 24] . We suggest that bovine sperm AC can be activated by 50 M hydrogen peroxide in the absence of added HCO 3
Ϫ . The process of cAMP/PKA-dependent protein tyrosine phosphorylation can be induced either by HCO 3 Ϫ or by H 2 O 2 . Thus, HCO 3 Ϫ and H 2 O 2 can substitute for each other or work together under physiological conditions in which the concentration of one of them is reduced in the female reproductive tract.
MATERIALS AND METHODS

Materials
BSA (Fraction V), FITC-Phalloidin, monoclonal antiphosphotyrosine (clone PT-66), and all chemicals were purchased from Sigma (St. Louis, MO). Horseradish peroxidase (HRP)-linked goat anti-mouse IgG was from Bio-Rad Laboratories (Hercules, CA).
Sperm Preparation
Ejaculated bull spermatozoa were obtained using an artificial vagina. The semen was washed three times by centrifugation (780 ϫ g, 10 min at 25ЊC) in NKM buffer containing 110 mM NaCl, 5 mM KCl and 10 mM N-morpholinopropanesulfonic acid (pH 7.4). The washed cells were suspended in NKM buffer to a concentration of 10 9 cells/ml and were maintained at room temperature until use. Investigations were conducted in accordance with the Guide for the Care and Use of Agricultural Animals.
Capacitation and Acrosome Reaction
In vitro capacitation of bull sperm was induced by the method of Parrish et al. [25] . Briefly, sperm pellets were resuspended to a final concentration of 10 8 cells/ml in glucose-free Tyrode medium (TALP) containing 100 mM NaCl, 3.1 mM KCl, 1.5 mM MgCl 2 , 25 mM NaHCO 3 , 0.29 mM KH 2 PO 4 , 21.6 mM sodium lactate, 0.1 mM sodium pyruvate, 2 mM CaCl 2 , 20 mM Hepes (pH 7.4), 30 g/ml BSA, 10 U/ml penicillin and 20 g/ml heparin. The cells were incubated in this capacitation medium for 4 h at 39ЊC with 5% CO 2 . date, 1 mM benzamidine, and 1 mM PMSF added just before use. Cells were lysed for 10 min at room temperature and centrifuged at 12 930 ϫ g for 5 min at 4ЊC. The supernatant was supplemented with 0.05% bromophenol blue, 5% glycerol, and 2% ␤-mercaptoethanol and boiled for 5 min.
Whole Cell Lysates
Immunoblot Analysis
For immunoblotting, proteins derived from equivalent cell numbers were separated on 7.5% SDS-polyacrylamide gels and then electrophoretically transferred to nitrocellulose membranes (200 mAmp; 1 h), using a buffer composed of 25 mM Tris (pH 8.2), 192 mM glycine, and 20% methanol. For Western blotting, nitrocellulose membranes were blocked with 5% BSA in Tris-buffered saline, pH 7.6, containing 0.1% Tween 20 (TBST), for 30 min at room temperature. The membranes were incubated overnight at 4ЊC with the antibody diluted 1:10 000. Next, the membranes were washed three times with TBST and incubated for 1 h at room temperature with specific HRP-linked secondary antibody diluted 1:10 000 in TBST. The membranes were washed three times with TBST and visualized by enhanced chemiluminescence (Amersham, Little Chalfont, UK).
Measurement of Intracellular cAMP
Spermatozoa (10 8 cells/ml) were incubated for 1.5 h in capacitation medium without NaHCO 3 , CaCl 2 , and heparin. The cAMP-dependent phosphodiesterase (PDE) inhibitor 3-iso-butyl-methylxantine (IBMX) (100 M) was added during the last 15 min of the incubation period. Then the inducers were added according to the assay for 15 min. The cells were diluted in NKM buffer and centrifuged at 500 ϫ g for 10 min. The cell's pellets were resuspended and the amount of cAMP produced in the cells was determined after lysis using a nonradioactive enzyme immunoassay kit (RPN 255; Amersham) according to the manufacturer's instructions.
Statistical Analysis
Statistical analyses were performed using the ANOVA test and t-test with multiple comparisons. Statistical significance is indicated in the figure legends.
RESULTS
Effect of Exogenous H 2 O 2 on Protein Tyrosine Phosphorylation
It was previously shown that bovine sperm capacitation is correlated with the tyrosine phosphorylation of various proteins [14] . A direct association between ROS generation and tyrosine phosphorylation has been demonstrated in human spermatozoa [20, 26] . Here, the effect of increased concentrations of H 2 O 2 on protein tyrosine phosphorylation was determined in bovine sperm by immunoblotting (Fig.  1) . In these experiments, heparin, which is usually present in bovine sperm capacitation medium, was replaced by increased concentrations of H 2 O 2 , and cells were incubated for the regular capacitation time (4 h In human spermatozoa, the production of ROS starts at the very beginning of the capacitation process and reaches its maximum after 15-25 min [27] . In bovine sperm, capacitation takes 4 h [28] , and during this time maximal tyrosine phosphorylation was reached (Fig. 2) . When heparin was replaced by 50 M H 2 O 2 , the phosphorylation rate increased more rapidly, reaching maximum after 2 h of incubation. It was interesting to find that a protein of about 80 kDa is tyrosine phosphorylated after 4 h in H 2 O 2 treated cells, but not under regular capacitation conditions (with heparin). Protein phosphorylation was completely blocked by incubating the cells with 10 M herbimycin, a known tyrosine kinase-specific inhibitor (data not shown).
Involvement of Endogenous H 2 O 2 in Protein Tyrosine Phosphorylation
The stimulation of protein tyrosine phosphorylation during human sperm capacitation depends on redox-regulated events enhanced by the cellular generation of ROS [16, 17, 26] . The addition of catalase, which decomposes H 2 O 2 , to human sperm revealed a marked decline in the level of phosphotyrosine expression induced under capacitation conditions or by exogenous NADPH [21] . This suggests that H 2 O 2 is generated during capacitation of human spermatozoa. In bovine sperm we found that exogenous NADPH enhances protein tyrosine phosphorylation similarly to H 2 O 2 ( Fig. 3) . It is known that NADPH activates NADPH oxidase to generate superoxide anion, which later dismutates to H 2 O 2 by superoxide dismutase [21] . Thus, stimulation of tyrosine phosphorylation by NADPH indicates that endogenous H 2 O 2 might be produced under these conditions. Further, NADPH, like H 2 O 2 , but not regular capacitation conditions induced specifically the tyrosine phosphorylation of an 80-kDa protein (Fig. 3) , which also supports endogenous H 2 O 2 production.
Mechanism of Action of H 2 O 2
We mentioned above that H 2 O 2 and NADPH induced tyrosine phosphorylation of an 80-kDa protein (Fig. 3) . When intracellular Ca 2ϩ was chelated by treating the cells with 1,2-bis-(0-aminophenoxy)-ethane-N,N,N 1 ,N 1 -tetraacetic acid tetra-acetoxymethyl)-ester (BAPTA-AM), the phosphorylation of this protein but not of others was prevented (Fig. 4, lanes 3 and 5) . This indicates that H 2 O 2 also specifically induced protein phosphorylation in a Ca 2ϩ dependent manner. In addition, H 2 O 2 -induced tyrosine phosphorylation is completely inhibited by the PKA inhibitor N-[2-(p-bromocinnamylamino)ethyl]5-isoquinolinesulfonamide-dihydrochloride (H89) (compare lanes 4 and 5 to lanes 8 and 9 in Fig. 4 ). These results suggest that H 2 O 2 might directly activate sperm AC or inhibit tyrosine phosphatase [29] . Activation of AC was determined by following intracellular production of cAMP. It was shown that exogenous H 2 O 2 , NADPH, or HCO 3 Ϫ enhanced intracellular cAMP production. The values for cAMP (pmol/10 8 cells) are as follows: control, 2.5 Ϯ 0.6; 25 mM NaHCO 3 , 6.2 Ϯ 1.0; 50 M H 2 O 2 , 5.3 Ϯ 0.8; and 10 mM NADPH, 11.25 Ϯ 1.2. This stimulation occurred in the presence of cAMP-dependent PDE inhibitor IBMX, indicating that H 2 O 2 activated AC rather than inhibiting PDE activities. To determine the possible involvement of H 2 O 2 in tyrosine phosphatase inhibition, we compared its effect on tyrosine phosphorylation to the effect of sodium vanadate, a known tyrosine phosphatase inhibitor. It was shown that tyrosine phosphorylation induced by sodium vanadate is not affected by H89 (Fig. 5, lanes 4 and 6) conditions in which H 2 O 2 -dependent phosphorylation is completely blocked (Fig. 5,  lanes 3 and 5) . This indicates that H 2 O 2 and vanadate enhance tyrosine phosphorylation in different ways.
DISCUSSION
At present, little is known regarding the signal transduction involved in sperm capacitation [30] . Several lines of evidence suggest that ROS-like superoxide anion and hydrogen peroxide can induce human sperm capacitation [17, 18, 21, 26, 28] . A key element of this process is the spontaneous increase in tyrosine phosphorylation of several proteins as well as actin polymerization observed during capacitation. These findings, which have been shown in several species, including mouse [13, 15] , human [15, 20] , boar [31] , and bovine [14, 15] spermatozoa, present unusual signal transduction events involving the stimulation of tyrosine phosphorylation and actin polymerization via a cAMP/PKA mediated pathway. In a recent study, we showed that factors known to stimulate PKA-dependent protein tyrosine phosphorylation in sperm were able to enhance actin polymerization, whereas inhibition of tyrosine kinase prevented F-actin formation [15] . Thus, we suggest that PKA-dependent protein tyrosine phosphorylation occurred before polymerization in the cascade leading to sperm capacitation. The role of intracellular Ca 2ϩ in these processes is not yet clear. In the present study, we suggest that there is significant cross-talk between this unique signal transduction cascade and ROS in bovine spermatozoa. The pattern of protein tyrosine phosphorylation observed in bovine sperm under capacitation conditions could be mimicked by replacing heparin or HCO 3 Ϫ in the incubation medium with hydrogen peroxide (Figs. 1 and 4 ). The optimal H 2 O 2 concentration for inducing protein phosphorylation is 50-200 M;, whereas at higher concentrations (0.5 and 5 mM) inhibition was observed. In a recent paper, we showed that H 2 O 2 can substitute for heparin in inducing Factin formation during bovine sperm capacitation [15] . These observations may suggest that H 2 O 2 is generated by spermatozoa during capacitation. However, all our efforts to measure H 2 O 2 production during bovine sperm capacitation failed. We did find H 2 O 2 production (not shown) as well as stimulation of protein tyrosine phosphorylation (Fig. 3) by treating the cells with exogenous NADPH; these effects, as well as the effect of exogenous H 2 O 2 , were completely inhibited by adding catalase to the cell suspension (not shown). These data suggest that bovine sperm are potentially able to generate H 2 O 2 by activating NADPH oxidase. Although H 2 O 2 could substitute for heparin in stimulating protein tyrosine phosphorylation and actin polymerization, it cannot cause sperm capacitation, as revealed by its inability to induce the acrosome reaction [15] . Thus, H 2 O 2 could induce protein tyrosine phosphorylation as well as actin polymerization, two processes which are essential but not sufficient for capacitation. In human spermatozoa, capacitation, sperm-oocyte fusion [26, 28] , and protein tyrosine phosphorylation [21] are inhibited by the addition of catalase and stimulated by the addition of H 2 O 2 . Because there is no direct evidence yet for a genuine production of H 2 O 2 by capacitating human spermatozoa, it was hypothesized that H 2 O 2 may originate from the dismutation of superoxide anion generated by sperm [27] . In mouse sperm, we showed that light induced H 2 O 2 production, leading to an enhanced rate of in vitro fertilization, and that these effects are completely blocked by catalase treatment [19] . It was also shown that protein tyrosine phosphorylation in mouse sperm is inhibited by addition of catalase to the cells [32] . We also found that light-induced H 2 O 2 production in sperm is completely blocked by the electron transport inhibitor antimycin A (not shown), indicating the mitochondria as a source of this H 2 O 2 generation. These data further support our notion regarding the endogenous generation of H 2 O 2 in spermatozoa.
The mechanism by which H 2 O 2 stimulates protein tyrosine phosphorylation could involve the inhibition of tyrosine phosphatase activity [29] , the activation of tyrosine kinase, or both. The similar patterns of protein phosphorylation obtained by H 2 O 2 and the known tyrosine phosphatase inhibitor vanadate (Fig. 5) suggest that H 2 O 2 may act as a tyrosine phosphatase inhibitor. When both H 2 O 2 and vanadate are present in the incubation medium, there is a dramatic enhancement in tyrosine phosphorylation [15] due to the generation of pervanadate, which is a very potent inhibitor of tyrosine phosphatase [33] Ϫ -deficient medium, indicating activation of AC. These data are supported by other data that show enhanced effects of exogenous NADPH on ROS and cAMP production in human and rat spermatozoa [21, 34] . It was also shown in other cell types that H 2 O 2 enhances AC activity [35, 36] , indicating that cAMP production occurs under oxidant stress, an observation which supports our data. The fact is that exogenous NADPH-induced cAMP production, and tyrosine phosphorylation, which is inhibited by catalase, represent the sperm's ability to produce H 2 O 2 via activation of NADPH oxidase. The similarity between H 2 O 2 and NADPH activities was also demonstrated by showing that each of them induced tyrosine phosphorylation of an 80-kDa protein that is not phosphorylated during regular capacitation (Fig. 3) . Because the phosphorylation of the 80-kDa protein depends on Ca 2ϩ and PKA we suggest that H 2 O 2 activates PKA and Ca 2ϩ dependent tyrosine kinase in addition to its direct activation of sperm AC.
It is not clear whether the phosphorylation of the 80-kDa protein is important for sperm capacitation, because this protein is not phosphorylated under regular capacitation conditions. We found that this phosphoprotein disappeared after inducing the acrosome reaction by Ca 2ϩ ionophore (not shown), indicating its possible role in sperm capacitation and/or acrosome reaction. Because tyrosine phosphorylation of the 80-kDa protein is Ca 2ϩ -dependent (Fig. 4) and is seen at relatively high concentrations of H 2 O 2 ( Fig. 1) and after a relatively long time of incubation (Fig. 2 ) in comparison to other cases of H 2 O 2 -dependent protein phosphorylation, it is possible that this phosphorylation occurs under stress conditions only.
The fact that H 2 O 2 can substitute for HCO 3 Ϫ in stimulating tyrosine phosphorylation (Fig. 4) suggests that HCO 3
Ϫ and H 2 O 2 are both important for achieving higher protein tyrosine phosphorylation leading to sperm capacitation. These two components activate AC to trigger cAMP/ PKA activity leading to protein tyrosine phosphorylation. They can work in concert or partially substitute for each other under conditions in which one of them is present in a limited amount in the female reproductive tract.
In conclusion, it appears that ROS has both beneficial and detrimental effects on spermatozoa, and that the accurate balance of the amount of ROS produced and scavenged at any moment will determine whether a given sperm function will be promoted or jeopardized. We suggest that relatively low concentrations of H 2 O 2 in the M range are beneficial for sperm capacitation, as revealed by its stimulating effect on protein tyrosine phosphorylation; however, this effect is prevented by high H 2 O 2 concentrations in the mM range.
